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Abstract 
 
Generally, the magnitude of pollutant emissions from diesel engines running on biodiesel fuel is ultimately 
coupled to the structure of respective molecules that constitutes the fuel. Previous studies demonstrated the 
relationship between organic fraction of PM and its oxidative potential. Herein, emissions from a diesel engine 
running on different biofuels were analysed in more detail to explore the role different organic fractions play in 
the measured oxidative potential. In this work, a more detailed chemical analysis of biofuel PM was undertaken 
using a compact Time of Flight Aerosol Mass Spectrometer (c-ToF AMS). This enabled a better identification 
of the different organic fractions that contribute to the overall measured oxidative potentials. The concentration 
of reactive oxygen species (ROS) was measured using a profluorescent nitroxide molecular probe 9-(1,1,3,3-
tetramethylisoindolin-2-yloxyl-5-ethynyl)-10-(phenylethynyl)anthracene (BPEAnit). Therefore the oxidative 
potential of the PM, measured through the ROS content, although proportional to the total organic content in 
certain cases shows a much higher correlation with the oxygenated organic fraction as measured by the c-ToF 
AMS. This highlights the importance of knowing the surface chemistry of particles for assessing their health 
impacts. It also sheds light onto new aspects of particulate emissions that should be taken into account when 
establishing relevant metrics for assessing health implications of replacing diesel with alternative fuels.  
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1. Introduction 
There is an increasing need for the adoption of biofuels as alternatives to petroleum-based fuels in order to 
reduce green house gas emissions and improve the long-term availability of fuel resources. To achieve this, 
biofuels need to meet a number of criteria such as high energy content, low production costs, sustainability of 
food supply. In addition, health and environmental aspects of biofuels need to be assessed before their 
implementation is put in place. 
 Biodiesels currently present on the market are mainly methyl and ethyl esters of fatty acids from plant and 
animal provenance. Biodiesel can be used as a neat fuel in current automotive engines or it can be blended with 
petroleum diesel. Generally, there is a consensus that the combustion of biodiesel results in the reduction of the 
total mass of particulate matter (PM), reduced soot emissions and a substantial decrease in CO [1, 2]. In 
addition, biodiesels have low sulphur and aromatic content. 
However, some studies have shown that biodiesel combustion usually produces increased levels of NOx (a 
known ozone precursor) [3], increased particle-bound organic carbon [4] and decreased particle diameter [5, 6]. 
All of these factors can influence health prospects of biodiesel use in compression ignition (CI) engines [7]. 
It has also been reported that biodiesel increases emissions of some carbonyl species [8-10]. As vehicles are 
already the major source of carbonyl compounds in urban air, this aspect needs to be explored in more detail. 
Greater biodiesel use could lead to higher levels of carbonyl compounds and these compounds can be significant 
precursors for secondary pollutants.[10] 
Generally, the magnitude of pollutant emissions from diesel engines running on biodiesel is ultimately related to 
the chemical structure of molecules in the fuel. The presence of oxygen atoms in the molecular structure of the 
substances present in biodiesel could ultimately give rise to significant levels of oxygenated toxic species 
(including typically formaldehyde and acetaldehyde) [11]. 
Taking into account the potential of biodiesel to form aldehydes, the potential for increase in levels of the 
soluble organic fraction, as well as the presence of different additives that may have an impact on the toxicity of 
biodiesel exhaust, there is a clear need for more detailed research in this area. 
Previous studies have demonstrated that there is a relationship between the organic fraction and the oxidative 
potential (OP) of PM. The emissions from burning logwood, after removing all the semi-volatile species by 
heating the aerosol stream inside a thermodenuder, resulted in the reduction of measured OP by 80-100% [12] 
as measured by using the in-house developed profluorescent nitroxide probes [13]. A similar reduction in PM 
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oxidative potential after thermal conditioning was also reported by Biswas et al., [14]. In this study they 
measured the oxidative potential of PM produced by heavy duty vehicles using dithiothreitol (DTT) as an assay.  
The role of organic content in the particle OP was further explored in the studies that included diesel particulate 
matter (DPM) and various alternative fuels. Fuels investigated included ethanol [15], Fischer-Tropsch diesel 
(gas to liquid) and various biodiesel feedstocks (soy, canola, tallow) in various blend percentages [4]. All of 
these studies support the link between oxygen content in the fuel and OP. All of the previous studies have 
shown that the semi-volatile component of PM is the most important factor influencing the oxidative potential 
of these particles. 
Although a clear link between the OP and the organic fraction of PM exists, in the case of biodiesel PM [4] no 
correlation was observed when reactive oxygen species (ROS) concentration was plotted against organic volume 
percentage. The study looking at wood smoke [12] showed a good linear correlation between the OP and 
organic matter, but only for the same burning conditions. This indicates that the relationship between these two 
parameters is complex and more detailed investigation needs to be undertaken before it will be possible to 
rationalise the observed results. 
The primary objective of the work presented here was to characterise emissions from a diesel engine running on 
different alternative fuels in order to gain a better understanding of the role different organic fractions play in 
influencing biodiesel particle surface chemistry. In this work, a detailed chemical analysis of biodiesel PM was 
undertaken using a compact Time of Flight Aerosol Mass Spectrometer (c-ToF AMS) which enabled 
identification of the different organic fractions that contribute to the overall oxidative potentials measured. 
Despite the reduction in the total mass of PM generated as well as reduced CO and PAH emissions, the results 
reported herein indicate that combustion of alternative fuels leads to greater oxidative reactivity for PM and 
therefore potentially higher health risks associated with exposure to those. This finding may require authorities 
to review the planned usage of alternative fuels that are currently under consideration as replacements for more 
traditional fuel sources. 
 
2. Experimental 
Engine: 
Particulate emission measurements were performed on a Euro III Cummins diesel engine coupled to a water 
brake dynamometer. The engine was equipped with an ethanol fumigation system. Details on the engine 
specifications can be seen in the Table 1. 
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Fuels and testing conditions:  
Commercially available diesel was used as the baseline fuel, along with 3 ethanol fumigation experiments, 
where 10, 20 and 30% of the total fuel by energy was supplied by ethanol with the remainder of fuel energy 
provided by diesel (labeled as E10, E20 and E30, respectively). All the ethanol tests were conducted at 1500 
rpm and 50% load. In addition three different biodiesel fuels (soy, palm oil and tallow) were tested. Soy was 
tested as a B100 blend (pure soy biodiesel with no baseline fuel) at 1500 rpm and 50% load. Tallow was tested 
as a B20 blend (20 % of biodiesel and 80 % of baseline fuel) at the same conditions as soy biodiesel. All the 
palm oil samples were tested as B20 blends but at different loads to the previous tests. The sample labeled Palm 
oil 3 was tested at the same engine speed of 1500 rpm but at 25% load, while samples labeled Palm oil 1 and 2 
were tested at high speed idle (1200 rpm) at two different dilution conditions. This almost random choice of 
loads and fuels was done to test if the linear correlation between DPM organic content and the oxidative 
potential, as measured by the concentration of ROS, could still stand. 
 
Particulate Emissions Measurement Methodology  
The schematic of the experimental setup is shown in Figure 1. The raw exhaust was subjected to a two stage 
dilution process, involving a partial flow dilution tunnel, followed by a Dekati ejector diluter. In order to 
achieve turbulent mixing conditions in the partial flow dilution tunnel the flow rates were kept above 400 lpm, 
which corresponded to a Reynolds number above 4000 in the partial flow dilution tunnel. This has resulted in 
first stage dilution ratios of 15 or above. The second stage dilution, in the ejector dilutor, was kept constant at 9. 
Particle number size distributions were measured following the method described in Surawski et al., 2011 [4]. 
A Dusttrak model TSI 8530 was used for PM2.5 measurement. Dusttrak mass measurements were converted to 
gravimetric measurements according to a procedure described in [16] . 
 
Oxidative potential was measured using a profluorescent nitroxide molecular probe 9-(1,1,3,3-
tetramethylisoindolin-2-yloxyl-5-ethynyl)-10-(phenylethynyl)anthracene (BPEAnit) was used. This probe 
provides an entirely novel, rapid and non-cell based assay for measuring oxidative potential[13]. BPEAnit has 
been applied in situ to assess the oxidative potential of cigarette smoke, diesel particle matter (DPM), wood 
smoke and traffic emission within a tunnel [12, 17-19].  Samples were collected by bubbling aerosol after the 
first stage dilution through an impinger containing 20 mL of 4 μM BPEAnit solution (using AR grade 
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dimethylsulphoxide as a solvent) followed by fluorescence measurements with a spectrofluorometer (Ocean 
Optics) [20]. As the efficiency of particle collection in the impingers is size dependent the all the reported data 
were corrected for the losses in impingers, according to the loss function provided in reference [21].The amount 
of BPEAnit reacting with the combustion aerosol was calculated from a standard curve obtained by plotting 
known concentrations of the methanesulfonamide adduct of BPEAnit (fluorescent) [19] against the fluorescence 
intensity at 485 nm.  
For each setting and particulate source, two samples were taken. The first sample was produced by the exposure 
of BPEAnit solution to the particle-free gas phase. This was achieved by placing a HEPA-filter between an 
impinger and the aerosol source. The second test sample was collected following exposure of the BPEAnit 
solution to the combined particle and the gas phase. Based on the difference in fluorescence signals at 485 nm 
between the test and a high efficiency particulate air (HEPA)-filtered control sample, the amount of particle-
associated ROS emitted for each test sample was calculated and normalised to the particle mass to give ROS 
concentrations (nmol/mg), hereon referred to as oxidative potential (OP). 
OP was expressed in nmol/mg of particles. For this purpose ROS results were normalised to the PM mass. 
An Aerodyne Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS) was used to measure particle 
composition. A detailed description of the C-ToF-AMS and its operation is available in Drenwick et al. [22] The 
Aerosol Mass Spectrometer (AMS) provides size-resolved mass concentrations of the non-refractory 
components of submicron particles. The term "nonrefractory" is assigned to those components that are 
vaporized at 600 ºC under vacuum conditions (organics, sulfate, nitrate, ammonium, chloride). The flow 
calibration, the servo position check and the size calibration were performed prior to each measurement 
campaign, the ionization efficiency (IE) calibration was conducted every four to five days, and the m/z, the 
baseline, and single ion calibrations were performed every day. The averaging time was 1 min and the AMS 
alternated between Mass Spectrometry (MS) and Particle Time of Flight (PToF) modes every 30 s. For each 
mode, sampling lasted 10-15 min.  Also, for each mode, a 10 -15 min background measurement, carried out by 
placing HEPA filter in front of the AMS sampling inlet, was performed. The results of background 
measurements were used to apply gas phase corrections in the AMS fragmentation table [23]. 
AMS data analysis was performed in Igor Pro 6.2 (Wavemetrics, Lake Oswego, OR) using the ToF-AMS 
Analysis Toolkit Squirrel v.1.51H. A collection efficiency (CE) of 1 was assumed to estimate the non- 
refractory particle mass concentration. 
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3. Results and discussion 
 
Particle number size distribution: 
 
Size distribution data of some of the fuels tested are presented in Fig. 2. With an increase in ethanol content, the 
total particle concentration decreased in a monotonic fashion. The highest reduction in particle concentration 
occurred with E30 fuel as observed previously with an older type engine [15]. The biodiesel size distribution 
also shows feedstock and blend dependency as observed previously ([4]). For soy, tested as B100, a reduction in 
the biodiesel particle number occurs along with a shift to smaller particle diameter (18.7 % reduction in CMD). 
The B20 blend of Palm oil also exhibits a reduction in the accumulation mode particle concentration and size at 
1500 rpm (19.25 % reduction in CMD). At idle (1200 rpm) a nucleation mode can also be observed for palm oil. 
This is the only case where a nucleation mode was observed, but it was not likely due to the fuel tested but due 
to the fact that nucleation mode is commonly observed at idle [24, 25]. Tallow, which was also tested as a B20 
blend, also exhibits a reduction in the number concentration of particles but only for particles smaller than 
50nm.  
 
Total PM2.5 mass emissions and its organic fraction 
 
The results for the PM2.5 mass emissions as well as the organic fraction emissions, as measured by the AMS, for 
the above fuels are shown in Figure 3. Figure 3 shows that PM2.5 emission factors decrease with increased 
ethanol percentage [26]. Contrary, the tested biodiesel stocks PM2.5 reductions are evident but dependent on the 
fuel stock. In general, this trend matches literature reports . As the existing standards and guidelines aimed at 
reducing PM mass do not consider which component is the most influential in negative health effects, this graph 
also illustrates the organic mass concentrations detected by the AMS (in grey), as this factor can be a more 
relevant metric for observed effects. Organic content in the PM increases with increasing ethanol substitution, 
along with the reduction in PM2.5 mass. For the differing biodiesel feedstocks, the results are conflicting. Soy 
biodiesel gives an organic content similar to diesel, tallow produces a reduction in the PM2.5 with similar 
organic mass concentrations, while combustion of palm oil sourced biodiesel produces the highest organic 
compounds percentage with respect to the emitted mass. 
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Correlation between oxidative potential and particle volatility: 
 
It has been well established through a number of studies, that the measurement of the OP of airborne particles 
can be a good estimate of their capacity to induce adverse health effects [27]. The presented OPs measured here 
are normalised to the concentration of the methanesulfonamide adduct of BPEAnit formed during the reaction 
between the radical quencher (BPEAnit) and biodiesel exhaust in  dimethylsulphoxide (DMSO). In the study of 
Stevanovic et al. [19], the main product responsible for the observed increase in fluorescence upon exposure to 
biodiesel exhaust has been isolated and detected. Notably, the same product was generated upon exposure of 
BPEAnit to high concentrations of hydrogen peroxide and peroxyl radicals. 
The most challenging task that remains is to identify the specific PM fraction that represents the most important 
causal pollutant component. This is very complex issue due to composition continuum, as well as the dynamic 
continuum between carbon particulates and both volatile organic compounds (VOCs) and semi-volatile organic 
compounds (SVOCs). More than 200 species have been identified, many of which can undergo chemical 
modifications and alter their reactivity and toxicity. It was previously indicated in the literature [4, 28] that 
SVOCs are components of airborne PM that contribute the most to the measured oxidative potential of particles 
in question. These components undergo partitioning between particulates and the gaseous phase. Upon heating 
in a thermodenuder however they are transferred predominantly to the gas phase. By using this approach it is 
possible to attain information on the volatility of the particles. In our previous studies [4, 12], the relationship 
between the organic fraction of particles and the oxidative potential measured by the BPEAnit assay was clearly 
established. This correlation highlights the importance of organic species in particle-induced toxicity and 
reinforces the need for further investigations to explore this relationship. 
However, the measurements performed in this study and presented in Figure 4 show that the overall organic 
content of particles did not correlate strongly with their measured oxidative potentials.  
It has been previously observed [15] and further confirmed in this study, that the organic content increases with 
increasing amount of ethanol present in the fuel. Also, the same study showed that increased levels of ethanol 
led to the higher oxidative potential. However when a different fuel type such as soy or palm oil is introduced, 
the direct correlation disappears. The same non-correlation was observed for most of the fuels tested. This 
indicates that ROS content, although dependent on particle organic fraction, does not always exhibit a direct 
correlation. Furthermore, using the same profluorescent probe technology, Miljevic et al. [12] have observed a 
similar effect with wood combustion PM where a good linear correlation was observed only for the same 
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combustion conditions. This was influenced by the differing reactivities of the organic species under the 
different conditions. 
 
The influence of oxygenated organic aerosols (OOA) content on the oxidative potential of diesel particulate 
matter: 
 
In order to gain further insight into the chemical composition of organic aerosol (OA), a tracer method m/z was 
used [29]. The types of organic aerosols investigated were hydrocarbon-like OA (HOA) and oxygenated OA 
(OOA) species. Two markers were used, f44 and f57, which reflect the contribution of the particular organic 
fragment at each molecular ion (m/z = 44 or 57) to the total organic mass. The HOA mass profile is, as expected, 
dominated by alkyl fragments. As a representative from the CnH2n+1 series, we chose m/z 57 (C4H9+ ) as a HOA 
tracer peak. OOA is represented by its prominent m/z 44 (CO2+) peak. HOA levels are usually in accordance 
with primary tracers such as EC, NOx and CO ([30, 31]). OOA are however mainly considered as surrogate for 
secondary organic aerosols (SOA) and are in a good correlation with sulphates, O3 levels and/or nitrates. OOA 
can thus represent heterogeneous products of primary organic aerosols (POA) and/or oxidation products of 
SVOCs that volatilised from POA and oxidised in a gas phase [30, 32]. 
 
To illustrate the difference between the composition of the particle bound organic fractions the average mass 
spectra for a low OP (diesel), medium OP (30% ethanol) and high OP (soy biodiesel) samples are shown in 
Figure 5. In addition the f44 and f57 values for all samples are presented in Table 2. It can be seen from Table 2 
that E30 and diesel f57 values of 0.078 and 0.081, respectively, which is typical for OAs dominated by 
hydrocarbons. Despite having a large organic fraction, the mass spectrum for E30 showed that the most of the 
organic content was not oxygenated, which can explain the significantly lower production of ROS observed 
compared to the soy biodiesel. 
 
Figure 6 demonstrates the importance of the OOA for the OP. OP was expressed as a concentration of ROS per 
unit mass of PM, while the value of the f44 marker presented the OOA fraction. A strong linear correlation 
(R2=0.97) between the ROS concentration and OOA can be clearly observed, which implies that the oxidative 
potential is consistent with the level of oxygenated organics. 
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The engine fuelled with 100% soy biodiesel contained substantially higher concentrations of ROS per mg of PM 
than any other fuel, possibly related to the higher level of oxygenated organic compounds. The f44 for soy was 
0.104, 0.033 palm oil and 0.029 for E20.  E30 showed higher levels of OOA (0.046) which resulted in higher 
ROS concentrations and decreases in the HOA. For all the other fuels, f44 was below 0.05. In addition the f57 
tracer for HOA was 0.08 for neat diesel and it gives similar values for fuels that generate similar oxidative 
potential (0.07-0.08). The most reactive particles were emitted upon combustion of soy bean biodiesel, which 
gave a HOA fraction of 0.049, which is much lower than compared to the other fuels tested. 
As the measured OP value for soy is very high compared to all the other values, this correlation was investigated 
in the absence of this point. Excluding soy from the correlation would give coefficient of multiple determination 
with the value of 0.732. This is still a significantly higher value of R2, compared to the value obtained from the 
correlation between OP and organic content (R2= 0.16). 
 
However, the data that originated from the combustion of tallow (animal fat) biodiesel, was not included in this 
correlation, as the result does not follow the trend shown by the other fuels. The observed values for f44 were 
relatively high and values for f57 relatively low. To the contrary of what would be expected for this case a low 
OP was observed. This result needs to be further investigated. It may arise from some bias in the measurements 
and require repetitive and more detailed analysis or it may reflect the range of components present in tallow and 
the differences in their chemical structures compared to the plant-derived materials. 
From these results it can be concluded however that in general the oxidative potential of the PM, as measured 
through the levels of ROS production, although proportional to the total volatile organic volume percentage, 
shows a much stronger correlation to the oxygenated organic fraction. This highlights the importance of the 
surface chemistry of particles for assessing the health impacts as these surfaces are likely to be rich with 
oxygenated species and structures. These results also shed new light on previously unrecognised aspects of the 
nature of particulate emissions that should be taken into account when establishing relevant metrics for health 
implications of various emissions. Although all of the measurements were done on primary aerosol particles, 
these findings should be even more relevant for secondary aerosol particles, as the OAA component of these 
particles is expected to be even larger. 
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Figures: 
 
Fig. 1. Schematic representation of the experimental configuration used in this study  
   
Figure 2: Particle number size distributions (corrected for dilution) for all fuel types tested (includes ethanol 
fumigated diesel with different percentages of ethanol used (10, 20, 30%) and three biodiesel biodiesels from 
different feedstocks)  
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Figure 3.  PM2.5 mass emissions and emissions of organic matter from an engine run at intermediate speed (1500 
rpm) using various fuels. 
 
 
Figure 4. Dependence between oxidative potential and organic content of particles. A line of linear fit, with R2= 
0.163884, is presented as well.  
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Figure 5:  Average mass spectra for neat diesel, E30 and B100 soy bean biodiesel at 50% load. 
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Figure 6: Correlation between oxidative potential, measured as the ROS concentration, and f44 used as a marker 
for the content of oxygenated organic fraction. A line of linear fit is also shown. A label for the fuel type is next 
to each data point. 
Model Cummins ISBe220 31 
Cylinders 6 in-line 
Capacity (L) 5.9 
Bore × Stroke (mm) 102 × 120 
Maximum power (kW/rpm) 162/2500 
Maximum torque (Nm/rpm) 820/1500 
Compression ratio 17.3 
Aspiration Turbocharged & after cooled 
Fuel Injection Common rail 
Emissions certification Euro III 
 
Table 1. Specification of the diesel engine used in this study 
Fuel stock f44 f57 
Diesel 0.015 0.081 
E20 0.029 0.075 
E30 0.046 0.078 
Soy bean  0.104 0.050 
Tallow 0.048 0.055 
Palm oil_3 0.033 0.073 
Palm oil 1 0.018 0.075 
Palm oil 2 0.026 0.074 
 
Table 2: f44 and f57 tracer values for all tested fuels 
